ABSTRACT: Multivalent adhesive interactions mediated by a large number of ligands and receptors underpin many biological processes, including cell adhesion and the uptake of particles, viruses, parasites, and nanomedical vectors. In materials science, multivalent interactions between colloidal particles have enabled unprecedented control over the phase behavior of self-assembled materials. Theoretical and experimental studies have pinpointed the relationship between equilibrium states and microscopic system parameters such as the ligand−receptor binding strength and their density. In regimes of strong interactions, however, kinetic factors are expected to slow down equilibration and lead to the emergence of long-lived out-of-equilibrium states that may significantly influence the outcome of self-assembly experiments and the adhesion of particles to biological membranes. Here we experimentally investigate the kinetics of adhesion of nanoparticles to biomimetic lipid membranes. Multivalent interactions are reproduced by strongly interacting DNA constructs, playing the role of both ligands and receptors. The rate of nanoparticle adhesion is investigated as a function of the surface density of membrane-anchored receptors and the bulk concentration of nanoparticles and is observed to decrease substantially in regimes where the number of available receptors is limited compared to the overall number of ligands. We attribute such peculiar behavior to the rapid sequestration of available receptors after initial nanoparticle adsorption. The experimental trends and the proposed interpretation are supported by numerical simulations.
■ INTRODUCTION
Adhesive interactions between nanoscale objects and lipid membranes are central to a number of biological processes, including cell−cell communication mediated by extracellular vesicles, 1−3 viral infection, 4−6 and endocytosis. 7−9 In therapeutic and diagnostic nanomedicine, finding reliable strategies to control the interaction between biological membranes and nanoscale probes is a key issue. 10−12 Adhesion is often mediated by specific ligands on the surface of the nano-objects that target specialized receptors expressed on the cell membranes. The resulting multivalent interactions, mediated by a large number of interacting molecular agents, give rise to complex phase behaviors, which emerge from the interplay between enthalpic contributions to individual ligand/receptor interactions and configurational/combinatorial entropic effects. 13−18 The (bio)physics of multivalent interactions has been thoroughly characterized both experimentally and theoretically by means of analytical and numerical approaches. 15,18−22 In the context of materials science, the acquired understanding enabled the design of colloidal or nanoscale units, whose self-assembly behavior can be precisely prescribed. 23−28 In targeted drug delivery, multivalent interactions can be exploited to improve the binding selectivity of vectors, which can be designed to target cell membranes only if certain receptors are overexpressed, allowing one to discern between healthy and diseased cells. 29−32 Our current understanding of the equilibrium features of multivalent systems 33 is not matched by systematic studies of kinetic effects, which are often relevant in regimes where ligand-mediated interactions become sufficiently strong, driving the system into long-lived metastable configurations that differ substantially from the equilibrium ground state. Interactions of such strength can occur in biological recognition schemes, where ligand−receptor binding free energies can exceed 25 k B T. 34 In multivalent colloidal systems, kinetic arrest has been characterized and exploited to design self-protected interaction schemes or sequential self-assembly protocols. 35−39 However, with the exception of a limited number of studies 40−45 including the recent investigation of the adhesion kinetics of DNA-functionalized poly-(amidoamine) dendrimers to solid surfaces, 46 ,47 systematic quantitative investigations have not been reported for the kinetics of multivalent nanoparticle−surface interactions. Particularly significant and unexplored is the role of kinetic effects in the presence of mobile linkers, and studies in this direction will be relevant to the understanding and design of the aforementioned biological and nanomedical processes.
In this article, we present a quantitative investigation of the adsorption kinetics of nanoparticles to biomimetic lipid membranes. In the adopted model system, large unilamellar lipid vesicles (LUVs) are targeted by gold nanoparticles (NPs), and complementary DNA constructs anchored on both substrates play the role of ligands and receptors, where the latter are able to freely diffuse, as in many biologically relevant situations. 15,48−53 The programmability and selectivity of Watson−Crick base pairing ensure accurate control of bond formation, enabling a quantitative characterization of kinetic effects as a function of different parameters characterizing the ligands, the receptors, and their complexes. Using dynamic light scattering (DLS), the nanoparticle adsorption kinetics is characterized as a function of the surface density of membraneanchored DNA receptors as well as the overall bulk concentration of nanoparticles. We observe a substantial reduction of the adsorption rates in regimes where the number of available receptors is limited compared to the number of nanoparticles. The observed trend is ascribed to the rapid and nearly irreversible sequestration of most of the initially available receptors following the adsorption of a relatively small number of nanoparticles. Receptor depletion is a direct consequence of the mobility of membrane-anchored DNA linkers and is also expected to occur in biological systems where adhesion is mediated by proteins that can diffuse in the membrane. Experimental evidence is backed up by state-of-theart simulations that accurately account for the effect of molecular reaction rates on the adsorption dynamics of the nanoparticles.
Our findings demonstrate that, in the presence of strong ligand−receptor interactions, factors such as receptor mobility and concentration should be taken into account when designing nanoscale probes for membrane targeting.
■ MATERIALS AND EXPERIMENTAL METHODS
DNA Ligands and Receptors. Single-stranded DNA was purchased from IDT (Integrated DNA Technologies, Leuven, Belgium). Strands mimicking ligands (5′-TGC GTG TGT GCG TTT TTT TTT T-3′-thiol) feature a thiol modification on their 3′ end, enabling grafting to gold NPs. Receptor strands (56FAM-5′TCG CAC ACA CGC TTTT TTT TTT-3′-chol) are modified with both a fluorescein (56FAM, 5′) and a cholesterol molecule (chol, 3′) ( Figure  1 ). The latter is connected to the DNA via a triethylene glycol (TEG) spacer and enables grafting onto lipid bilayers. Ligand and receptor strands feature mutually complementary sticky ends of 11 nucleotides, driving their hybridization and NP-membrane adhesion. Poly-T domains are included between the sticky overhangs and the grafting moieties to improve configurational freedom.
Liposome Preparation, Functionalization, and Characterization. Large unilamellar vesicles (LUVs) were prepared from 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipids (Avanti Polar Lipids, CAS number 26853-31-6) by membrane extrusion using an Avanti miniextruder. First, a dry lipid film is obtained by the evaporation of a chloroform solution under vacuum for 1 h. The lipid film is then rehydrated with experimental buffer (10 mM phosphate buffer pH 7.4 + 0.5 M NaCl). Rehydration is facilitated by vortex mixing the sample for 1 min and further incubating for 1 h. The solution is then extruded 31 times through a polycarbonate membrane featuring track-etched pores with a diameter of 200 nm (Whatman). A large number of extrusion steps is necessary to obtain a homogeneous size distribution of the liposomes. As prescribed by the manufacturer of the extrusion kit (Avanti Polar Lipids), an odd number of steps are required so that any particulate contaminant larger than the pore size is blocked by the membrane and removed from the sample. The formed liposomes have a hydrodynamic diameter, measured with DLS (Malvern Zetasizer NanoZS, Malvern, U.K.), of either 160 ± 31 or 189 ± 37 nm (SI, section 1.1). The overall lipid concentration (2 mM) and the hydrodynamic diameter were used to estimate the bulk concentration of the liposomes. Vesicles were functionalized with different concentrations of receptor strands to obtain surface densities in a biologically relevant range 54, 55 (SI, section 1.2). Functionalization was performed by adding DNA receptors to the LUV solution and agitating on an Eppendorf thermomixer for 16 h at 750 rpm. The cholesterol moiety spontaneously inserts into the lipid bilayer, providing a mobile but stable anchoring.
56−58 To demonstrate the grafting of all DNA strands to the LUVs, samples were analyzed by ultracentrifugation (Optima LE-80K from Beckman) in a sucrose gradient (SI, section 1.3).
NPs Synthesis, Functionalization, and Characterization. The materials used to synthesize NPs were potassium gold(III) tetrachloride (KAuCl 4 , CAS no. 450235), dithiothreitol (DTT, CAS no. 3483-12-3), trisodium citrate (Na 3 C 6 H 5 O 7 , CAS no. 51 804), and Tris-HCl buffer (1 M, pH 7, CAS no. T6455) and were purchased from Sigma-Aldrich, while phosphate buffer and NaCl used for particle functionalization were purchased from Merck. Gold nanoparticles (NPs) were produced via a modified Turkevich method 59 and immediately dialyzed against a 0.1 mM citrate solution. The nanoparticles were characterized by TEM, UV−vis absorption, and DLS measurements, as reported in SI, section 2. An average diameter of 16.5 ± 1.3 nm was determined by analyzing TEM images with ImageJ. NPs were then functionalized with DNA ligands using thiol chemistry. 60 The grafting density was estimated by measuring the DNA concentration of the supernatant after a 20 min centrifugation step at 18 000 g. The concentration of DNA in the supernatants after the first washing step was measured to be 2.24 μM, while the initial DNA concentration was 3.23 μM, demonstrating the occurrence of DNA grafting. Afterward, the same washing procedure was repeated Langmuir XXXX, XXX, XXX−XXX five times to remove all the nongrafted DNA. We obtained an average of 300 ligand strands per NP. The presence of a DNA layer on NPs was confirmed by both DLS and UV−vis, as reported in SI, section 2. Characterizing the NP−LUV Adhesion and the Dissociation Temperature. The adhesion of NPs to LUVs was confirmed by means of UV−vis absorption spectroscopy (Schimadzu UV-3600 equipped with a Peltier temperature controller) monitoring the shift in the wavelength of the NP extinction peak induced by the reciprocal proximity between LUV-bound NPs. The dissociation temperature of the NP−LUV complexes was also determined and found to increase with increasing surface density of the receptors ρ R−LUV . Details are provided in the SI, section 3.
Characterizing NP−LUV Adhesion with Dynamic Light Scattering. Experiments to monitor the adhesion kinetics of NPs to LUVs were carried out using dynamic light scattering (DLS). Initially, a sample of DNA-functionalized NPs in 0.5 M NaCl + 10 mM phosphate buffer at concentrations reported in the List of Samples section, typically in the range of 0.1−0.2 nM, was characterized via DLS. The scattering autocorrelation function (ACF) was used to quantify the diffusion parameters of free NPs, discussed in the Results and Discussion section. Then, LUVs were added to reach the target NP:LUV bulk concentration ratio R NP:LUV , and the sample was rapidly mixed with a pipet. DLS data acquisition typically started 10 s after mixing, and 60 ACFs were acquired at 5 s intervals. The time interval between subsequent measurements was then increased to 30 s, 3 min, and 15 min to monitor adhesion over the following 14 h. All measurements were performed at 25°C and 0.5 M NaCl ionic strength. A higher-than-physiological ionic strength was used in this study to obtain sufficiently high ligand−receptor binding strength to allow the emergence of significant kinetic effects associated with the near-irreversibility of the NP adhesion to the target vesicles. 61 The effect of a higher-than-physiological ionic strength is largely limited to the DNA-hybridization free energy, and therefore our results are readily applicable to any system with comparably strong ligand−receptor interactions, regardless of the ionic strength. Similar ionic conditions are routinely used in DNA nanosystems to make DNA duplexes more stable.
62−65
List of Samples. A number of samples were tested with different surface concentrations of receptors on the LUVs, ρ R−LUV , spanning a biologically relevant range, 54, 55 and different NP:LUV bulk concentration ratios, R NP:LUV . All tested conditions are listed in Table 1 . For samples with R NP:LUV = 7 and 70, the bulk nanoparticles concentration ρ NP is 1.1 × 10 −10 M, while R NP:LUV = 290 corresponds to ρ NP = 2.2 × 10 −10 M.
■ SIMULATION ALGORITHM
We model NPs as hard spheres freely diffusing in a parallelepipedal simulation box ( Figure 2 ). Nanoparticles interact with the basal surface of the simulation box having an area A equal to that of a LUV. The surface carries N R−LUV receptors, a number compatible with the one used in experiments. As often done when modeling DNA-functionalized surfaces, 16, 18 we neglect receptor−receptor, receptor− ligand, and ligand−ligand steric interactions. We assume that the sticky ends tethered to the surface of the LUV are uniformly distributed and capable of free diffusion within a layer of thickness = 3 nm surrounding the surface of the LUV (Figure 2 ). has been estimated using typical end-to-end distances of ssDNA. 66 Similarly, nucleic acids on the NPs are simulated as N L−NP sticky ends uniformly distributed within a shell of thickness surrounding the particle (Figure 2 ). Given that in our modeling all ligands can bind, N L−NP has been estimated by calculating the maximum number of ligands that could bind the surface using a geometrical construction (SI, section 4). To improve the computational efficiency, the ligands are also regarded as freely diffusive rather than anchored to a point on the NP surface. This approximation has a negligible effect on the results of this work. We apply the simulation algorithm presented in ref 67 to study the DNAdirected self-assembly of LUVs, adapted to the present system. Improving on conventional algorithms, our method synchronizes the binding kinetics of DNA with the diffusion kinetics of the nanoparticles, enabling one to study the effects of finite interaction rates on the adsorption kinetics. Note that our model does not account for the deformability of the LUVs. While membrane deformability is certainly pivotal in processes such as endocytosis 68−73 and membrane-mediated interaction between bound particles, 74, 75 it is expected to play a small role in the present study to the extent that reactions between different ligand−receptor pairs can be considered to be independent events. We have verified this hypothesis in a recent publication 19 using a more detailed model accounting Langmuir XXXX, XXX, XXX−XXX for membrane deformability. We also notice that an eventual wrapping of the NPs by the lipid bilayer would not change the conclusions of this article. Indeed, here we assume how receptors, once bound, no longer participate in the later stages of the adsorption. This scenario is not affected by the NPs being wrapped or not. Nanoparticle positions (r i ) are updated (r i → r i + Δr i ) using a Brownian dynamics scheme
where f i is the total force acting on NP i, D is the nanoparticle bulk diffusion coefficient under dilute conditions (estimated using the Stokes−Einstein equation as 2.8 × 10 7 nm 2 s −1
), Δt is the integration step, is a vector of independent normally distributed numbers, k B is the Boltzmann constant, and the index i labels individual NPs. In the (very dilute) bulk ( Figure  2 ), nanoparticles repel each other through a short-range force f ij due to the entropic compression of grafted DNA. 18 f i (eq 1) is then given by f = f R,i + ∑ j f ij , where f R,i is the force between the surface and NP i
In eq 2, n i s is the number of ligand−receptor bonds between nanoparticle i and the membrane, n s is the number of free receptors, and n i is the number of free ligands on particle I. Γ 1 , Γ 2 , and Γ 3 are geometric factors and have been derived in the SI, section 4.
We estimate n i s , n s , and n i using the Gillespie method. 76 At a given configuration {r}, we calculate all of the on/off rates (k on i /k off i ) of forming/breaking a bond between nanoparticle i and the membrane, with the assumption that k on i = k off i = 0 if nanoparticle i is not in contact with the interface. In the SI, section 4, we prove that
where λ i ({r}) represents geometrical factors (SI, section 4), ΔG 0 is the hybridization free energy of free sticky ends in solution, 61 β = 1/k B T, k on 0 is the on rate of the sticky ends, and ρ 0 is the standard concentration, which is equal to 1 mole per liter. In the following text, we report the on rates in simulation units:
. Using the rates of eq 3, we calculate the probabilities p on i /p off i of forming/breaking a bond between nanoparticle i and the membrane, defined as 
, and N p is the total number of nanoparticles in the simulation box. Using eq 4, we sample one of all possible reactions, along with the average time (τ ̅ ) for it to happen (Prob(τ ̅ ) ≈ exp[−τ ̅ /a tot ]). We increment a reaction clock (τ reac ) by τ ̅ (τ reac = τ reac + τ ̅ ), and, if τ reac < Δt, then we update the values of {n i , n i s , n s } and the affinities and probabilities (eqs 4 and 5), and then we fire another reaction until τ reac > Δt. Using the outcomes of the Gillespie algorithm at time Δt, we calculate forces using eq 2 and update nanoparticle positions using eq 1. At this point, we reiterate the algorithm starting from the calculation of the new on/off rates (eq 3).
To simulate the low dilution regimes used in experiments, we use grand canonical moves in which we insert/delete nanoparticles at the top layer of the simulation box. To simulate a fixed NP:LUV concentration ratio, we gradually decrease the chemical potential μ of the NPs as more of them are adsorbed by the membrane using μ = μ 0 + log(1 − n adh / R NP:LUV ), where μ 0 , n adh , and R NP:LUV are, respectively, a reference chemical potential, the number of adsorbed particles, and the stoichiometric ratio between NPs and LUVs. Grand canonical moves are necessary to make the simulations affordable but introduce a bias in the diffusion time required by nanoparticles to reach the membrane, making it significantly faster than in reality.
■ RESULTS AND DISCUSSION
We use DLS to investigate kinetic aspects of the interaction between NPs and LUVs decorated by DNA ligands and . The ACF was collected after different times t at the mixing LUVs and NPs (dark blue t = 0 s, light blue t = 120 s, green t = 290 s, yellow t = 490 s, orange t = 2220 s, red t = 7200 s, pink t = 18 000 s, and purple t = 57 600 s). (B) Fraction of bound NPs, f adh , obtained by fitting the data from panel A with eq 6, extracting the two amplitudes A free (t) and A adh (t), and using eq 7. The color code is the same as in panel A. The fractions of adhering nanoparticles, f adh , for all of the perfomed experiments are reported in the SI, section 9, Figure S9 Langmuir XXXX, XXX, XXX−XXX receptors ( Figure 1 ) as a function of the receptor surface density on the LUVs, ρ R−LUV , and the NP:LUV stoichiometric ratio, R NP:LUV , spanning the ranges described in Table 1 . In DLS experiments, the signal is dominated by the strongly scattering NPs, while owing to the similarity between the refractive index of the vesicles and that of the surrounding medium, the scattering contribution of the LUVs is comparatively negligible. (SI, section 5). When an individual NP adheres to a liposome whose size is approximately one order of magnitude larger, the dynamic diffusion coefficient of the nanoparticle is drastically reduced. After NPs are exposed to LUVs, this effect produces a progressive shift to longer decay times of the scattering autocorrelation function (ACF), as demonstrated in Figure 3A , which can thus be monitored to gain information on nanoparticle adhesion. For any measurement, we can identify two distinct NP populations: free nanoparticles and nanoparticles bound to the LUVs. Over time, the population of free NPs progressively shrinks while the bound population grows. Therefore, the measured ACF can be decomposed into the sum of two exponentials, one describing the free NP population and the second associated with membrane-bound NPs 
where t is the time elapsed from the beginning of the experiment and τ indicates the delay time over which each scattering-intensity correlation is calculated. Time scales τ free and τ comp are related to the diffusion coefficient of the free NPs and the NP−LUV complexes, respectively, while α < 1 follows from the polydispersity of the NP population. 77 Note that using a stretched exponential to model the contribution of the complexes did not improve the fits, and the stretching factor was always found to be comparable to 1. In eq 6, amplitudes A free (t) and A adh (t) are directly proportional to the number of free and adhering nanoparticles, which allows us to extract the fraction of bound nanoparticles as 
Equation 7 is valid under the assumption that free and membrane-bound NPs have the same scattering efficiency. This assumption is discussed in SI, section 6. Figure 3B demonstrates how f adh increases with time as a stretched exponential
where τ adh quantifies the typical adhesion time scales and the plateau value f adh ss represents the steady-state fraction of adsorbed nanoparticles. Optimal fitting is obtained by restricting the stretching factor γ in the ranges of 0.9−1, 0.6−0.7, and 0.4−0.5 for R NP:LUV = 7, 70, and 290, respectively. The stretched-exponential trend hints at hindered adsorption dynamics in which the rate of NP adhesion decreases over time. Similar trends have been ascribed to a number of processes including the depletion of adsorbing agents, 78, 79 steric hindrance, and irreversible adsorption. 80 The progressive decrease in γ with increasing R NP:LUV that we observed indicates that the specific factor limiting adsorption in our system becomes more severe as the number of available nanoparticles increases. Note that in eq 6 parameters τ free and α describe intrinsic characteristics of NPs that do not change over time and can therefore be independently determined and kept constant. The decay time τ comp describes the diffusion of NP−LUV complexes, and evolution over the course of an experiment is analyzed in a dedicated section below.
Reaction-Limited Nanoparticle Adhesion and Receptor Depletion. Figure 4A demonstrates the dependence of the adhesion time τ adh on the NP:LUV relative concentration ratio R NP:LUV and the surface density of DNA receptors on the LUVs ρ R−LUV . For fixed ρ R−LUV , τ adh is observed to increase with increasing R NP:LUV . If the latter is kept fixed, then τ adh decreases monotonically with increasing ρ R−LUV . The samples with the lowest R NP:LUV , where τ adh remains constant, constitute an exception. These trends can be better rationalized by studying the dependence of τ adh on the number N R−NP of receptors per NP, obtained by dividing the average number N R−LUV of receptors anchored on each LUV by R NP:LUV (Table 1 ). The data in Figure 4B indeed show a smooth trend and clearly highlight two distinct regimes: τ adh is low and constant for high N R−NP while increasing monotonically as N R−NP decreases below a threshold. The switching point coincides with N R−NP ≈ 20−50, which well matches the maximum number of ligand−receptor bonds that a single NP A qualitative explanation of the observed kinetic trends can be proposed by comparing the time scales of the individual processes leading to NP adhesion. Adsorption is initiated by a collision between a NP and a LUV, and the average time τ diff between two of these events, at the beginning of the experiment, ranges from 80 to 450 ms (SI, section 8.1). However, during each collision, the NP−LUVs spend a much shorter time within their interaction range, τ coll ≈ 2 /D = 0.3 μs. While a NP is in contact with a LUV, the time required for the formation of a ligand−receptor bond is τ bond ≲ 200 ms (eq 3 and SI, section 8.2), indicating that several thousands of unsuccessful collisions n att (n att ≈ τ bond /τ coll ) are on average required for a NP to dock on a LUV. Assuming a collision rate on the order of ∼τ diff −1 (τ diff < 0.5 s), the typical time scale at which particles start adsorbing can then be estimated using n att τ diff ≈ 10 3 −10 4 s, which is compatible with Figure 4A . After the first bond is established, preventing the LUV and NP from diffusing apart, more connections are quickly formed as mobile receptors are converging toward the adhesion zone. Receptor accumulation occurs on the time scale of τ bond ≪ n att τ diff , so that before another NP has a chance to bind with the LUV, the first has already maximized the number of bonds, capturing N bonds max receptors. If N R−NP exceeds N bonds max , then the process continues until all nanoparticles have formed N bonds max connections, leaving free receptors on the LUVs. In turn, for lower N R−NP , the system enters a regime where the initially binding NPs quickly deplete receptors, drastically reducing their availability. Receptor scarcity causes τ bond to increase, reducing the chances of a successful docking and substantially slowing down adhesion. In our experiments, receptor depletion is expected to be effectively irreversible because of the strong affinity between DNA ligands and receptors resulting in a bond breakup rate of k off i ≈ 10 6 exp(βΔG 0 ) s −1 = 1.4 × 10 −9 s −1 (eq 3). The initial transient, therefore, drives the system out of equilibrium. At a high NP:LUV concentration ratio of R NP:LUV = 290, steric hindrance can further limit nanoparticle adsorption at later stages given that at full packing a LUV can host a maximum of ∼150 NPs (SI, section 7.2).
These qualitative arguments can be verified by comparing experimental data with simulated trends. Figure 4C reports adhesion time scales τ adh sim , estimated by fitting the early stages of adsorption as detailed in the caption of Figure 4 . Simulation results reproduce experimental trends in Figure 4A , supporting the interpretation that the reaction kinetics is the factor limiting NP adsorption in experiments. Note that in simulations the typical adhesion time scales are much faster than the experimental ones. This is due to the simulation scheme employed that, as compared to experiments, drastically reduces the time between successive NP−LUV encounters, τ diff , while properly reproducing reaction times, τ bond , and the time taken by NPs to diffuse away from the interacting region, τ coll . This argument, along with the reasoning used above to justify the timescales of Figure 4A , explains the similarity between simulation and experimental profiles that differ only by a factor given by the ratio between the experimental and simulated τ diff .
To better clarify the role played by the reaction rates in adsorption kinetics, in Figure 5A we visualize the time evolution of the number of adsorbed nanoparticles, calculated using different reaction rates. The latter are controlled by changing k on 0, * while keeping the ligand−receptor binding free energy, and therefore the thermodynamics of the system, constant. Consequently, the ligand−receptor off rate is also rescaled as k off i ∝ k on 0, * (eq 3). For k on 0, *, k off i = ∞, the system experiences no kinetic hindrance from ligand−receptor reactions and can therefore reach thermodynamic equilibrium. Under these conditions, mobile receptors are observed to redistribute instantaneously among available NPs, progressively decreasing the average number of bonds per NP to stabilize a greater number of adsorbed nanoparticles, as displayed in Figure 5B . In turn, Figure 5A shows that for finite reaction rates the asymptotic number of adsorbed nanoparticles is much smaller than the one observed with k on 0, * = ∞, implying that for k on 0, * < ∞ the system fails to reach equilibrium. Indeed, even for the largest (finite) k on 0, * value we could test, k off i becomes negligibly small (∼10
) owing to the strong ligand−receptor affinity. Bond irreversibility results in the receptor-depletion effect hypothesized above, where all adhering NPs quickly and irreversibly maximize the number of formed bonds, which in simulations is set to N bonds max = 25 ( Figure 5B ). To enter a regime where adsorption is not limited by DNA denaturation, one would Figure 5 shows that, at early times, the curve calculated for k on 0, * = 10 5 follows the same trend, indicating that, in this regime, the bond formation time τ bonds is still significantly smaller than the collision time τ coll . The same is no longer true if k on 0,
, for which the onset of NP adhesion is significantly delayed as the likelihood of forming a permanent NP−LUV bond upon collision is progressively reduced.
Steady State. From the time evolution of the fraction f adh (t) of LUV-adhering NPs, we can extract the asymptotic value f adh ss corresponding to the fraction of adhering nanoparticles at steady state (eq 8). In Figure 6A , the experimental f adh ss is shown as a function of R NP:LUV and ρ R−LUV (full symbols) and compared to simulation results (empty symbols). We observe qualitative agreement between experiments and simulations, but the latter appear to underestimate f adh ss in regimes of low N R−NP . We ascribe this deviation to the fact that, in simulations, the average number of bonds N bonds ss formed by each adhering NP at steady state is always maximized and equal to N bonds max = 25 ( Figure 5 ). This is not always the case in experiments, as shown in Figure 6B . N bonds ss is estimated experimentally by assuming that (i) all receptors are bound and (ii) receptors are evenly distributed among adsorbed NPs. We observe that the experimental N bonds ss is aways smaller than or comparable to N bonds max . More specifically, N bonds ss increases as a function of ρ R−LUV for R NP:LUV = 70, approaching N bonds max for the highest tested receptor density while remaining relatively small and constant for R NP:LUV = 290. Note that condition (i) cannot be verified for R NP:LUV = 7, where N R−NP > N bonds max , thus the estimates for these samples are not included in Figure 6 . There are a number of effects that can result in N bonds ss < N bonds max , not accounted for in simulations. First, in Figure 6B we assume that receptors are evenly distributed among all of the adsorbed NPs, while it should not be excluded that those adhering at later stages may form fewer bonds than earlier nanoparticles. This nonideal behavior could emerge, for instance, as a consequence of nonselective (e.g., steric) interactions between ligands and receptors, which could significantly slow down bond formation and receptor sequestration by increasing τ bond , allowing more nanoparticles to bind the LUV. Additionally, N bonds ss < N bonds max may imply a degree of bond reversibility enabling receptor redistribution. This could be explained by an underestimation of the off rates, which in crowded environments may deviate sensibly from the Langmuir XXXX, XXX, XXX−XXX theoretical predictions obtained under dilute conditions (eq 3). 81 We point out once again that for R NP:LUV = 290 there is not enough room on the LUVs to accommodate all available nanoparticles, regardless of receptor availability. The geometrical limit to NP adsorption per LUV is ∼150, corresponding to f adh ≈ 0.5. This value is similar to the asymptotic fractions experimentally observed for R NP:LUV = 290 in Figure 6A .
LUV Aggregation Driven by NP Bridging. Further information on the evolution of the system can be gathered by monitoring the time dependence of the diffusion time scale τ comp of the NP−LUV complexes (eq 7). As shown in Figure 7 , τ comp exhibits different trends depending on ρ R−LUV (shown in different colors) and R NP:LUV (shown in different panels). In all cases, τ comp remains roughly constant for times shorter than the typical adhesion time scale τ adh , marked as a gray-shaded band spanning the adhesion time scales observed for different ρ R−LUV values. For R NP:LUV = 7, an increase in τ adh above the value expected for an individual LUV is observed at later times, suggesting the possibility of NP-mediated LUV−LUV aggregation. The latter can occur because, after all NPs are adsorbed, for R NP:LUV = 7, the system still features free receptors that can bind NPs on other LUVs, causing aggregation. Consistently, the same phenomenon is observed for samples with R NP:LUV = 70 and large receptor densities, which as demonstrated in Figure 6A also reach a regime where NPs are depleted but receptors are still available. As expected, in samples with R NP:LUV = 290, LUVs remain monodisperse at all times because the large excess of NPs is always sufficient to deplete all receptors and effectively passivate the LUV surface against NP bridging. Note that LUV aggregation is not expected to affect our ability to quantify the fraction of bound NPs used to monitor adsorption kinetics: all NPs, whether adhering to an individual LUV or bridging two of them, would still be considered to be bound. In turn, NP-mediated LUV bridging may have an effect on the aggregation kinetics, as NPs can no longer be considered to be inactivated after adhering to a LUV and would still be able to sequestrate more receptors by forming LUV−NP−LUV bridges. However, in view of the faster diffusion kinetics of individual NPs compared to that of NP−LUV complexes, the adhesion of free NPs to LUVs is expected to dominate the formation of aggregates, as long as free NPs remain available.
■ CONCLUSIONS
Through a combination of dedicated experiments and coarsegrained simulations, we investigated the kinetics of adhesion of gold nanoparticles to artificial lipid vesicles mediated by nearly irreversible ligand−receptor bonds. DNA strands grafted onto the surface of the nanoparticles and the liposomes play the roles of both ligands and receptors. This model system is chosen to mimic interactions between nanoscale vectors and the surface of biological cells, a key process in several biological and medical scenarios, including cell invasion by viruses and parasites and cell targeting by means of synthetic nanomedical vectors. The rate of nanoparticle−vesicle adhesion is studied over a broad range of biologically and technologically relevant conditions by varying the surface density of available membrane-anchored receptors and the bulk concentration of nanoparticles. In both experiments and simulations, we find that adhesion rates are heavily suppressed in regimes where nanoparticles are present in excess compared to available receptors. Observed trends are rationalized by comparing the time scales of individual kinetic processes at play, including the frequency and duration of nanoparticle−vesicle collisions and the typical time required to form a ligand−receptor bond. We determine that the observed slow kinetics arises from receptor depletion as diffusive membrane-anchored receptors quickly segregate within the nanoparticle−vesicle adhesion region upon initial docking of individual nanoparticles. Nanoparticles adhering at early aggregation stages therefore sequestrate a significant proportion of the available receptors, reducing the rate of bond formation for late-coming nanoparticles and slowing down their adhesion. The near irreversibility of ligand−receptor connections hinders bond redistribution, leading to kinetically trapped configurations in which the number of membrane-adsorbed nanoparticles is not maximized.
Our observations have direct application in the design of medical nanovectors targeting cell membrane receptors: for a fixed receptor surface density, the adsorption rate of nanoscale probes can be maximized by improving the bond reversibility or by reducing the number of connections that each probe can form, delaying receptor depletion. Besides biomedical relevance, our remarks can also inform the design of multivalent colloidal building blocks for the bottom-up production of advanced materials, an area in which the predictability of the equilibrium phase behaviors is still not matched by similarly accurate control over relaxation kinetics. Our findings are also relevant to the modeling community. In particular, they highlight the importance of explicitly considering reaction rates when designing numerical simulations.
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